Introduction
The mitochondrial electron transport chain (ETC) is the major site of intracellular reactive oxygen species (ROS) generation (1, 2) . The mitochondrially generated ROS are believed to contribute to the decrease in cellular function that accompanies aging (3) and numerous degenerative diseases (4) (5) (6) . The most abundant ROS generated by mitochondria are superoxide (O 2 (7) . Under some pathologic conditions, e.g. following ischemic-reperfusion injury, dysfunctional ETC complexes generate elevated levels of superoxide, overwhelming the antioxidant systems (8, 9) . Although superoxide and H 2 O 2 are reported to directly cause oxidative damage in biological systems (10, 11) , these ROS do not readily react with cardiolipin (CL). The most reactive ROS is the hydroxyl radical, which may be generated by the Fenton reaction, the Haber-Weiss reaction (12) and/or decomposition of peroxynitrite.
Recently, evidence has accumulated indicating that singlet oxygen ( 1 O 2 ) is generated in vivo and contributes to oxidative stress (13) (14) (15) (16) . Singlet oxygen is highly reactive and capable of oxidizing many biomolecules (17) . Haber-Weiss decomposition of O 2 •-and H 2 O 2 has been reported to generate both hydroxyl radical and 1 O 2 (18) . Singlet oxygen additionally may be generated by the reaction of H 2 O 2 or lipid hydroperoxides with hypochlorite ion, whose generation by myeloperoxidase has become more fully appreciated (19) (20) (21) .
However it is a great challenge to prove the involvement of any specific ROS in without causing any damage. Only oxidatively modified products of biomolecules that are unique to certain ROS will provide conclusive evidence of their role in oxidative stress.
CL is an unusual phospholipid localized to the mitochondrial inner membrane, where it interacts with proteins of the ETC. CL is required for inner membrane transporters such as the adenine nucleotide translocase (22) . Because CL is enriched in polyunsaturated fatty acids, primarily linoleic acid, and is located in close proximity to sites of ROS production in the mitochondrial ETC, it is a primary target for reaction with ROS.
Oxidation of CL causes dysfunction of mitochondrial ETC (23) and is proposed to contribute to the release of proapoptotic proteins, including cytochrome c, from the intermembrane space (24, 25) . Because of their different chemical reactivities (12) , hydroxyl radical and 1 O 2 generate different oxidized products in their reactions with proteins (26, 27) . In a similar manner, the different ROS could generate uniquely oxidized products of CL which provide important mechanistic information on oxidative stress. However, unlike other phospholipids, the multiple polyunsaturated fatty acids of CL make its oxidized product characterization highly challenging.
Previously, we exposed liposomal CL and mitochondria to 1 O 2 generated by the photosensitizer, Pc 4, and light, and the oxidized products were analyzed by direct infusion ESI-MS/MS (28). This photosensitizer generates a relatively pure source of 1 O 2 (29) and CL was suggested as an initial target (30, 31). In the liposome oxidations, we identified two major products with mass increments of +32 and +64 whose MS/MS spectra suggest the existence of at least two isomers for each species. In mitochondria illuminated in the presence of Pc 4, only the +32 species were identified (28).
In the current study, we exposed CL to 1 
Reversed-phase ion-pair HPLC-MS/MS
The reversed-phase ion-pair HPLC-MS/MS system consisted of an HP1100 series quaternary pump with an on-line degasser, autosampler, and column heater (Agilent Technologies, Wilmington, DE). A Symmetry® C18 5µm, 150 x 3.9 mm analytical column (Waters Corporation, Milford MA) was used. Gradient elution used two eluents: eluent A (450 mL acetonitrile, 50 mL water, 2.5 mL triethylamine and 2.5 mL glacial acetic acid) and eluent B (450 mL 2-propanol, 50 mL water, 2.5 mL triethylamine and 2.5 mL glacial acetic acid). The combination of triethylamine and acetic acid in both eluents dynamically forms ion-pairs with the negatively charged phosphates in the cardiolipin molecule, resulting in increased chromatographic retention and greatly improved chromatographic resolution. Initially, 50%A -50%B was eluted at a flow rate of 400 µL/min, and this was maintained for 5 min following the injection. Then, a linear gradient to 80% B over 10 min, followed by a gradient to 100% B over 
Results

Characterizing control CL by reversed-phase ion-pair HPLC-MS/MS
CL is a phospholipid with a central glycerol connected by phosphodiester linkages at C1 and C3 to two diacylglycerol phosphatidic acid moties. The fragmentation of the singly charged Figure 3 . These mass losses are consistent with the presence of 13-and 9-hydroperoxides, respectively, as previously described (39) . The MS/MS spectra reveal that the peak at m/z 639 dominates at earlier retention times ( Figure 3A) while the peak at m/z 559 is more intense at later times ( Figure 3B ), indicating that the 13-hydroperoxides, which contain a shorter "alkyl tail" elute earlier than the 9-hydroperoxides.
As shown in Figure 2C the signal-to-noise ratio of the peak is less than 3.
CL oxidation by room air
Exposing a dried film of CL to air for 24 h also produced a similar amount of oxidized species through autoxidation. The major products observed by HPLC-MS/MS were monohydroperoxide and bis monohydroperoxide species, without any significant amount of hydroxide species (Figure 8 ). Similar MS/MS spectra of both chromatographic peaks at 18-19 and 24-25 min suggest that air oxidation generates the same monohydroperoxides and dihydroperoxides products as the other two ROS, with no significant dihydroperoxides.
Discussion
Reversed-phase ion-pair HPLC-MS/MS analysis of CL
The chromatograms of oxidized CL clearly showed that only 1 O 2 generated significant amounts of all three major species of oxidized products, while radical reaction generated only monohydroperoxides and bis monohydroperoxides (Scheme 1). The chromatographic separation of the three species of oxidized products was necessary to make this determination, and the inclusion of a chromatographic component in our methodology is fundamental to our approach.
The general observation has been made that analysis by mass spectrometry alone can yield incorrect results, due to the presence of unknown products generating unanticipated fragment ions resulting in false positive results (40 where about 30% of CL was oxidized, is sufficient to identify these products.
However, we can not rule out the possibility that radical-mediated oxidation could generate significant amounts of dihydroperoxides. The conditions used for radical oxidation, e.g., concentration of AAPH, reaction time, or temperature, may not be optimal for dihydroperoxides to accumulate, or the steady state favors only low concentrations of dihydroperoxides in the presence of a continuous radical flux. Additional experimental examination of the generation and/or decomposition of individual dihydroperoxide species under various conditions will be required to resolve these questions. These investigations also may lead to the detection of specific dihydroperoxide isomers which will serve as unequivocal biomarkers for 1 O 2 .
An additional intriguing result of these studies is the absence of any chain cleaved CL oxidation products. In vivo aldehydes, e.g. 4-hydroxynonenal, and other thiobarbituric acid reactive substances derived from linoleic acid oxidation have been used as monitors of oxidative stress. These products are readily generated from linoleic acid in the presence of a one electron reductant, routinely reduced metal ions like Fe(II) (49, 50) . The results of our studies suggest that production of aldehyde byproducts requires, in addition to oxygen radicals and/or singlet oxygen, a source of electrons to reduce the initial hydroperoxides.
Reaction mechanism for dihydroperoxides
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The result that 1 O 2 generates significant amounts of dihydroperoxides, whereas free radical oxidation does not, may be attributable to different reaction mechanisms of these two ROS. One chemical rationale for this differential reactivity comes from considering the structure of the monohydroperoxides. The initial step of oxidation by free radicals with a linoleic acyl chain is abstraction of hydrogen from the bis allylic carbon. The resulting dienoyl radical reacts more readily at the 9 or 13 position, resulting in 9-or 13-monohydroperoxyls, which subsequently abstract a H-atom from a donor. The stability of the conjugated dienehydroperoxide will hinder the further hydrogen abstraction from this acyl group (51, 52) . Rather free radicals will abstract a hydrogen from a more reactive bisallylic methylene of another acyl chain. This phenomenon will be more significant in biological systems where the amount of free radical is limited.
This contrasts with the behavior of singlet oxygen-mediated oxidation. Because singlet oxygen reacts readily with conjugated dienes, the rate constant for reaction with 2,4-hexadiene is faster than that for reaction with methyl linoleate (53, 54) . These differences in chemical selectivity would favor formation of dihydroperoxides with singlet oxygen. A second chemical selectivity difference is in the observed product distribution when singlet oxygen reacts with methyl linoleate in solution, where 10-and 12-hydroperoxy linoleic methyl esters, in addition to the 9-and 13-hydroperoxy isomers, are generated (39, 55) . These authors suggested the potential of 10-and 12-hydroperoxy linoleate as biomarkers for 1 O 2 (55) (56) (57) . These isomers may be intermediates for the formation of dihydroperoxides from 1 O 2 -mediated oxidation of CL.
Interestingly, characteristic fragment ions corresponding to 10-or 12-monohydroperoxides were not detected by MS/MS, suggesting that the second peroxidation occurred faster than the first peroxidation on the acyl chain. Alternatively, the dihydroperoxides may be generated by different mechanisms, such as incorporation of two oxygen molecules at the same time or involving rearrangement of 9-or 13-hydroperoxides to 10-or 12- hydroperoxides. In any case, the fact that the oxidized products of the linoleic acid side chains of CL, present in a liposome bilayer, are different from the oxidation products detected from methyl linoleate oxidation in solution suggests that the intramolecular interaction between the linoleic acyl chains may be an important contributor to oxidation mechanisms in the bilayer. It is still possible that 10-and 12-hydroperoxides may have lower ionization efficiencies or higher resistances to acyl chain cleavage.
In 
